a very low level (Anon, 1977) . However in the Yellow Sea Cold Bottom Water (YSCBW), a bottom pool of the remnant Yellow Sea Winter Water resulting from summer stratification, the temperature remains ≤10°C. It is supposed that the majority of the Yellow Sea population of C. sinicus reside in the YSCBW. Unfortunately up to now there are no data on its vertical distribution in relation to the YSCBW in summer. The Beidou cruise in August 1999 was specially designed to find the oversummering site for the Yellow Sea stock of C. sinicus and to observe their physiological state.
M E T H O D
The cruise was conducted by the R/V Beidou from 20 to 30 August, 1999. The research area, transects and stations are shown in Figure 2 (see also Table I ). Zooplankton samples were collected at each station with an 80 cm diameter closing net (mesh size 300 µm). Vertical tows were made at different layers: 10-0 m, 25-10 m, 50-25 m, 100-50 m and 200-100 m. Where the water depth was less than the lower limit of the above standard layer, the lowest tow would be made from the bottom to the upper limit of the proper layer. For instance, where the water depth was 78 m, the lowest tow was made from 78 m to 50 m. A flowmeter was mounted in the centre of the net mouth to measure the volume of water filtered. Samples were preserved in 5% neutralized formalin seawater solution. All the copepodite stages and adults of C. sinicus were sorted and counted under a dissecting microscope. The mesh size (300 µm) of the net used in this study may be too large to collect copepodite stage 1 (body length 750-850 µm, body width 290-330 µm) (Li and Fang, 1983) of C. sinicus. Some of them with body width <300 µm possibly were extruded from the mesh. But the extrusion rate should not be great. Nauplii were found in samples but they were not included in the population analysis because of the insufficient sampling.
CTD, Chlorophyll a (Chl a) and POC were measured at each station. Water samples for Chl a and POC measurement were collected at 0, 5, 10, 20, 30, 50, 100 and 200 m depth and filtered onto GF/F filters, which were frozen and kept at -20°C until subsequent analysis. Chl a was measured by fluorescent method with a Turner Designs fluorometer and POC by PE 240 CHN analyzer. Some unpublished historical data have been used for this study. (Anon, 1977) ]. 
R E S U LT S Horizontal distribution
The population density (ind m -2 ) of copepodite stages 1-5 (expressed as C1-C5) and adults (including adult females and adult males) of C. sinicus in the water column above 200 m, or above bottom when the water depth is <200 m at each station were plotted in Figure 3 . From Figure 3 we can see that in most parts of the research area the population density of C. sinicus decreased to a very low level but a high abundance of adults and C5 occurred in the central part of the southern Yellow Sea (Figure 3a,b) , which was coincident with the area of YSCBW with bottom temperature <12°C (Figure 4b .). The highest density (adults = 8514 ind m -2 , C5 = 7716 ind m -2 ) appeared at stations 1-5 (water depth = 78 m), located in the centre of YSCBW.
The distribution pattern of younger stages (C1-C4) was somewhat different from that of the older stages (Figure 3c,d ). They were found in two regions. One was the centre of the southern part of the Yellow Sea where the older stages were most abundant, however, their abundance was not comparable with that of the adults and C5. The other one was near the mouth of the Yangtse River, where only a few adults and C5 were found. The distribution of C1 and C2 (figures not given) was similar to that of C3 and C4. Their abundance was even less. It seems that salinity was not a limiting factor for the distribution of C. sinicus (Huang and Zheng, 1986) .
Vertical distribution
The vertical distribution of adults and C1-C5 on transects 1, 3 and 5 are shown in Figure 5 . On transect 1, which passes through the YSCBW from Jiaozhou Bay (China) to Cheju Island (Korea), it clearly shows that the older stages of C. sinicus resided exclusively in the central deep cold (<12°C) layer occupied by the YSCBW (Figure  3a remained at 9°C. All the adults and C5 resided exclusively in water below 25 m and 56.60% of them resided in the bottom layer below 50 m. C4 had a similar distribution pattern to that of adults and C5 but the abundance was much less. C1-C3 tended to stay in the middle layer with higher temperature (10-20°C). Salinity in this case seems to have no influence on the vertical distribution, but the existence of Yangtse River Dilute Water (YRDW) in the surface layer ( Figure 7b ) greatly strengthened the stratification.
The vertical distribution pattern of C. sinicus on transect 5, which goes from north to south through the Yangtse River Bank (YRB), was somewhat different (Figure 5g -l). The highest abundance was observed in the north side of the YRB, not in the YSCBW. The accumulation of C. sinicus stock in this region may be caused by the strong current from the north. We will discuss this later. The vertical distribution pattern of different developmental stages on transect 5 was similar but the earlier copepodite stages tended to stay in the upper layer as we observed on transect 1. Transect 3 goes from the mouth of the Yangtse River to the Okinawa Trench (water depth 2200 m) through a variety of waters including Coastal Water, Mixed Water and Kuroshio Water. The population density of C. sinicus on transect 3 was much less than that on transects 1 and 5 because of the high temperature. Only the inner shelf area presented a small amount of different developmental stages and most of them were found in the upper layer. No C. sinicus had been found in the outer shelf area and in Kuroshio Water either in the upper layer or in the deep layer. There were some spots along the bottom where the temperature was <20°C (Figure 5g ), but no C. sinicus was found there.
Occurrence in relation to temperature and salinity
The lower limit, upper limit and weighted average of ambient temperature and salinity for all records of C. sinicus in this study are given in Table II . It clearly shows that the average ambient temperature and salinity are different for different developmental stages. The older stages preferred low temperature and high salinity and the younger stages relatively high temperature and low salinity. This situation resulted from their different vertical distribution. As mentioned above, most of the adults and older copepodite stages were found in the deep layer with low temperature and high salinity, and the young stages tend to stay in the middle or upper layer with relatively high temperature and low salinity. The correlation coefficient (k, Pearson parametric) between the occurrence of C. sinicus and the ambient temperature and salinity was also given in Table II . For the adults and older copepodite stages the correlation between their occurrence and temperature was negative even though not significant. The correlation coefficient became indistinct for C2 and C3 and turned to positive significance in C1. No significant correlation had been found between the occurrence of C. sinicus and salinity. The occurrence frequency against temperature and salinity for different developmental stages was plotted in Figure 8 .
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Population structure and sex ratio
The percentage composition of adults and C1-C5, in total 49 178 individuals examined, was given in Table III. The population of C. sinicus in the research area during summer time consists mainly of adults and C5, accounting for 84.24% of the population (nauplii not included). The female:male ratio was 11.39.
D I S C U S S I O N
C. sinicus has been referred to as a subtropical, warm-temperate and coastal species (Chen and Zhang, 1965; Hulsemann, 1994) , with a wide tolerance range of temperature and salinity (Huang and Zheng, 1986; Huang et al., 1993) . Our field observations indicated that C. sinicus could be found in waters with temperature from 1°C (Anon, 1977) to 29°C (this study). In January and February the coastal area of the Bohai Sea was frozen, but C. sinicus occurred in the ice-free area (water temperature 1-2°C) with a population density of 10-25 ind m -3 . Concerning the upper thermal limit, 29°C may be an extreme high record. Most of the fieldwork in the China Seas (Anon, 1977; Huang and Chen, 1985; 1991; Lin and Chen, 1992; Huang et al., 1997; suggested an upper thermal limit of 26-27°C for occurrence of this copepod. However, the upper thermal limit for population reproduction should be lower than that. Uye (Uye, 1988) indicated that the hatching of C. sinicus eggs was possible between 5-22.6°C. Huang et al. (Huang et al., 1993) suggested an upper thermal limit of 23°C based mainly on experimental studies, which can be regarded as an estimation of the upper thermal limit for population reproduction of C. sinicus. The animals living at temperatures >23°C but <26-27°C can survive for a certain period even though they cannot reproduce. The duration of survival depends not only on the temperature but also on other factors such as salinity, food and physiological state of the animal etc. Huang and Zheng (Huang and Zheng, 1986 ) studied the combined effects of temperature and salinity on the survival of C. sinicus in the laboratory. They found that C. sinicus had the widest tolerant range of temperature when salinity was maintained at 30‰. The upper thermal limit for 90% survival was 23.2°C and for 50% survival 27°C. Lin and Li (Lin and Li, 1986) indicated that adult females could not survive for >3 days at 24°C in the laboratory. The upper thermal limit derived from experimental works might be a little bit lower than that in the field due to the short acclimation time, limited living space and possibly damage during capture. From all these findings it is believed that for C. sinicus the tolerant range of temperature for survival of individuals would be 1-27°C and that for population reproduction 5-23°C. Based on a wide range of field observations Chen (Chen, 1964) found that the peak abundance of eggs and nauplii occurred when the water temperature was 13-18°C. This might be the optimum temperature for reproduction of C. sinicus. But the occurrence of peak abundance of eggs and nauplii depends not only on the ambient temperature but also on food concentration. The temperature of 13-18°C always occurred in spring and fall in the coastal waters of the China Seas while the phytoplankton was also in peak abundance.
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
C. sinicus can be found throughout the year in the Bohai Sea, the Yellow Sea and the East China Sea with a strong seasonal variation in abundance (Figure 1 ) due to the strong seasonal variation in hydrological conditions. Previous observations in the study area show that there was only one peak season from April to July during the year. The peak value of population density was ~100 ind m -3 (average of the whole area from bottom to surface) and occurred in May and June. In August and later the numerical abundance decreased dramatically to a very low level due to the high temperature. From this study we can clearly see that the decrease of the average abundance in the Yellow Sea and East China Sea was caused by both the decline of the population and the shrinkage of the distribution area (Figure 3a,b) . From July to August the surface water warmed up quickly and reached its upper thermal limit of tolerance. C. sinicus disappeared in the near shore area and in the upper layer of the central part of the Yellow Sea. But it remained, or possibly concentrated, in the cold (≤10°C) bottom layer of the central part of the Yellow Sea occupied by the YSCBW with high population density (Figure 5a-f ) . For instance, at stations 1-5 the numerical abundance of adults and C5 in the bottom layer (50-78 m) was 345.7 ind m -3 , even higher than the average of the whole Yellow Sea and East China Sea found in peak season (Figure 1 ). In this study we found that C. sinicus tended to concentrate close to the bottom. At stations 1-5 water samples had been collected with a 28.4 l water sampler. In the water sample collected from 1 m above the bottom 25 animals (adults and C5) were found, equal to a population density of 880 ind m -3 . We are not sure if there is any dynamic force to concentrate C. sinicus into the YSCBW in summer besides the selection by temperature. Su and Huang (Su and Huang, 1995) found that the vertical circulation in the central part of the Yellow Sea has a double-cell vertical structure. The upper cell above the thermocline is smaller and weaker and the lower one larger and intense. Within the thermocline the current flows from the outer boundary of YSCBW towards its centre. A study using the particle tracking model simulation is needed to see the influence of water circulation on the distribution of C. sinicus. At present there is no evidence to show that C. sinicus enters the diapause phase when the ambient temperature is higher than its upper thermal limit of tolerance. We are not sure if there is any oversummering strategy playing in its life cycle like the overwintering strategy found in Calanus finmarchicus (Backhaus et al., 1994; Hirche, 1996) . Our results just show that the YSCBW serves as an oversummering site, or a harbour, for C. sinicus in the Yellow Sea during summer time. No sampling was made north of transect 1 in this study, but it can be imagined that high abundance might occur in the northern part of the Yellow Sea since the territory of YSCBW could extend north to 38ºN in August (Ho et al., 1959) .
It seems that salinity was not a limiting factor for the distribution of C. sinicus. This species had been found near the mouth of the Yangtse River with ambient salinity of only 20‰ (Anon, 1977) . Experimental data of Huang and Zheng (Huang and Zheng, 1986) show that the maximum tolerance range of salinity for 90% survival at 10°C is 17.5-43.0‰. Our field data show that the tolerance range of salinity for survival seems to be 20-35‰.
The accumulation of C. sinicus population in the north side of YRB ( Figure 5g-l) probably resulted from the transportation by the Boundary Current west of YSCBW. According to Zhao (Zhao, 1987) , in summer there was a very strong geostrophic current along the west boundary of YSCBW flowing from north to south which caused an upwelling in the north side of the YRB. Evidence of the upwelling can be seen in the temperature and salinity profile (Figure 7d ,e). In addition, the water on the top of the bank was well mixed vertically, which apparently introduces C. sinicus into much shallower water. The low proportion of the earlier copepodite stages in the population and the high female:male ratio indicated that the reproduction of C. sinicus inhabiting the YSCBW was at a low level. The percentage composition in C1-C3 of C. sinicus observed in Xiamen Harbor during the reproductive season was ~40-50% [Lin and Li, 1984 ( Figure  1A , nauplii were included)]. In this study only 8.98% were observed (nauplii were not included). The annual mean percentage of C1-C2 given by Huang et al. (Huang et al., 1993) for the Inland Sea of Japan and its adjacent Pacific Ocean was 25.9-43.7%. According to Chen (Chen, 1964) and Lin and Li (Lin and Li, 1984) , the seasonal variation in the sex ratio of adults depends on the state of reproductive physiology of the population. In winter the sex ratio reached its annual maximum (~20-26) whereas in the reproduction season (late spring) the sex ratio decreased to ~2-5 due to the occurrence of a large number of males (Chen, 1964) . The sex ratio observed in this study is 11.39. It was much higher than that found in the peak reproduction season, but lower than that found in winter (Chen, 1964) . At stations 1-5, located in the centre of the YSCBW (Figures 2 and 6 ), 4 677 specimens of adult C. sinicus were collected below the thermocline. 428 among them were males and resulted in a sex ratio of 9.93, which meant that in summer C. sinicus living in YSCBW could reproduce but at a low rate. Nauplii had been found in samples but were very rare. Spawning of living adult females collected in YSCBW during this study had been observed on board ship (unpublished data).
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Uye's recent work (Uye, 2002) demonstrated that the egg production rate of C. sinicus increased with an increase in temperature up to a maximum at 20°C. The temperature of YSCBW (~9-11°C) should be a factor in the low reproduction rate, but the low food concentration might be the major one in this case. The Chl a concentration in YSCBW was only ~0.5 mg m -3 lower than that in other places. Yoon et al. (Yoon et al., 2000) gave a value (0.51-0.67 mg m -3 ) about the same level in YSCBW.
The older stages (C4-adult) were restricted to the bottom layer (Figure 5a-l) but the distribution depth of earlier copepodite stages (C1-C3) ascended gradually as stage regressed. This phenomenon was more clear on transect 5 because there was no thermocline there. In the central part of transect 1 where the high abundance of adults was found, only a small amount of C1-C3 occurred in the middle layer. Obviously the strong thermocline developed due to the surface heating and the extension of Yangtse River Dilute Water (Figure 7b ) blocked the ascending of the earlier copepodite stages. As mentioned above the low temperature and the low food concentration might be contributory factors to the low reproduction rate of C. sinicus in YSCBW. The strong thermocline might be another factor which influenced the reproduction since it blocked the diel vertical migration of the adult females. Diel observations and experiments on board have demonstrated that C. sinicus spawned at night when they migrated to the surface layer (Zhang and Sun, personal communication). We did not observe the diel vertical migration of C. sinicus in this study. The sampling at stations 1-5, where the highest abundance of C. sinicus was found, was conducted at midnight (22:20-23:30 ) when the adult females should ascend to the upper layer. But from Figure 5a we can see that the adults remain in the deep layer below the thermocline.
Along the bottom of transect 3 there were some spots with temperature <20°C (Figure 7g ), but no C. sinicus occurred there. Our research area covers only a small part of the East China Sea. The summer distribution of C. sinicus in the East China Sea remains unclear. As mentioned above C. sinicus can be found throughout the year in the East China Sea and forms a high abundance in the coastal water south of the Yangtze River. Liu et al. (Liu et al., 1992) reported that cold bottom water emerged in the middle shelf area of the East China Sea from May to October with temperature ranging from 13.5 to 22.5°C. This cold bottom water might be an oversummering site for the East China Sea population of C. sinicus.
